Although there is a several array of diagnostic and therapeutic choices for pancreatic cancer in recent years, a crucial medical approach for the refractory disease is still needed. Oligonucleotide therapeutics, such as those based on antisense RNAs, RNA interference, aptamers and decoys, are promising agents against pancreatic cancer because they identify a specific nucleotide sequence or protein and interfere with gene expression as molecular-targeted agents. Within just the past quarter-century, the diversity and feasibility of these drugs as diagnostic or therapeutic tools have dramatically increased. Actually, there have been several clinical and preclinical studies of oligonucleotides for patients with pancreatic cancer so far. To support the discovery of effective diagnostic or therapeutic options by using oligonucleotide-based strategies in the absence of satisfactory therapies for long-term survival and the rising trend of diseases, we summarize the current clinical trials of oligonucleotide therapeutics for pancreatic cancer patients with underlying preclinical or scientific data and focus on the possibility of oligonucleotides to target pancreatic cancer in clinical implications.
Introduction
Oligonucleotide therapeutics is a general term for state-of-the-art molecular-targeted agents that have chain-like structures of several nucleic acids, such as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), and they inhibit gene expression or impede protein function by binding a specific nucleotide sequence or protein [1] . In contrast to gene-based treatments that induce gene expression from a specific DNA sequence and yield a protein with some biofunction, a therapeutic nucleic acid, which is a chemosynthetic product, acts directly in a living body without going through gene expression in oligonucleotides. Therefore, oligonucleotide therapeutics have a high specificity and can target molecules that cannot be controlled by conventional drugs, such as mRNA or noncoding RNA, resulting in the development of innovative drugs against cancers and genetic diseases. Representative oligonucleotide therapeutics include antisense oligonucleotides (ASOs) and RNA interference (RNAi), especially small interfering RNA (siRNA), microRNAs (miRNAs), aptamers and decoys, and among them, ASO and RNAi have been further developed compared with the others so far.
The latest review articles show that pancreatic cancer is recognized as a malignant tumor with poor prognosis based on the delayed diagnosis and the high refractoriness to any available therapeutic approaches [2, 3] . Thus, pancreatic cancer is receiving extensive attention in research on pharmaceutical agents in the absence of satisfactory treatments for long-term survival and the rising trend of diseases. Under such a situation, the clinical applications of oligonucleotide therapeutics for patients with pancreatic cancer have been in progress. Indeed, there have been a total of 9 clinical trials of oligonucleotide therapeutics that have been conducted for patients with pancreatic cancer that received National Institutes of Health (NIH) approval, while no trials of aptamers or decoys were conducted. A clinical trial of miRNA-25 in the diagnosis of pancreatic cancer from China was approved by NIH. Moreover, a promising clinical trial of carbohydrate sulfotransferase15 (CHST15)-siRNA (STNM01) for patients with pancreatic cancer has been completed in Japan. In our previous study, CHST15, a specific enzyme that biosynthesizes chondroitin sulfate-E (CS-E), which is highly expressed in human pancreatic cancer cells, was a key player in tumor growth, and the effect of STNM01 on tumor cell proliferation in vitro and growth in vivo was demonstrated [4] .
Here, we summarize current clinical trials of oligonucleotide therapeutics for patients with pancreatic cancer (Table 1) , along with preclinical or scientific evidence of drug efficacy, focusing on the possibility of oligonucleotides as a potential diagnostic or therapeutic target for pancreatic cancer.
Effects of oligonucleotide therapeutics on disease progression
The concept of ASOs started with a report from Belikova and colleagues on the first oligonucleotides in 1967 [5] , and later reports from Zamecnik et al. definitively established the concept [6, 7] . Moreover, a crucial study from Matsukura et al. promoted the large expansion of ASOs for various clinical applications [8] . Aptamers were first mentioned as a different kind of oligonucleotide in research about the regulation of human immunodeficiency virus-1 (HIV-1) in 1989 [9] . Thereafter, Fire and colleagues discovered RNAi as a breakthrough application of oligonucleotides in Caenorhabditis elegans in 1998 [10] . Since then, RNAi has become a major tool for various types of laboratory study, accounting for the first application of an RNAi strategy was successfully assessed by using a siRNA directed against the mRNA encoding the Nprotein of respiratory syncytial virus (RSV) [11] . In addition, miRNAs were found as an available option for oligonucleotides in 1993 [12] , and it is assumed that the first clinical trial related to a decoy strategy was performed for HIV-1 infection, as with aptamers [13] .
Taken together, studies from only the past 20 years have yielded diverse advancements in oligonucleotide research, and the potential targets for both diagnostic and therapeutic purposes might be unlimited based on the different action mechanisms. Although the mechanism by which oligonucleotides have their effects mostly depends on their structure and chemistry, the major premise of controlling the expression of targeted gene products is immutable. Due to the different mechanisms of each oligonucleotide, they act as inhibitors at different phases in disease progression. As shown in Figure 1 , decoys work against transcription factors of targeted DNA at the earliest phase; subsequently, antisense RNA, siRNA and miRNA act on targeted RNAs; and finally, aptamers directly inhibit proteins involved in disease development. Their common point is that all of them act as inhibitors of disease progression by interfering with gene expression.
On the basis of diverse preclinical research progress, the current clinical trials of oligonucleotide therapeutics for patients with pancreatic cancer listed on the US website (http://Clinicaltrials.gov.) are summarized in Table 1 .
ASO
When the antisense strategy was first introduced, it was recognized that ASOs could represent a specific, systemic gene silencing strategy. Successful development of such a strategy could allow an almost endless variety of human diseases to be treated, provided that a particular gene had been identified and characterized for the disease. There have The transforming growth factor-beta (TGF-β) signaling pathway is a key player in tumor progression [18] , and it was proven that TGF-β2 plays a pivotal role in the malignancy and progression of pancreatic cancer [19, 20] [29] . Based on these studies, Hong's group is now recruiting study patients to investigate whether AZD9150 given in combination with MEDI4736 can control advanced pancreatic, lung, or colorectal cancer in a phase II clinical trial (NCT02983578).
X-linked inhibitor of apoptosis (XIAP), an endogenous caspase inhibitor, blocks the execution of apoptosis and represents an important survival factor in cancer cells [30] .
AEG-35156, a 19-mer phosphorothioate ASO targeting XIAP, was developed for the potential treatment of cancer by lowering the apoptotic threshold and inducing cell death and/or enhancing the cytotoxic action of chemotherapeutic agents [31] . A preclinical study indicated that AEG35156 enhanced the sensitization of tumor necrosis factor-related apoptosis-inducing ligand-mediated apoptosis in pancreatic carcinoma cells, Panc1 [32] . Then, a phase I trial of AEG35156 plus standard-dose gemcitabine in 14 patients with advanced pancreatic cancer was conducted and showed good tolerability but no better results than with gemcitabine alone [33] .
Heat shock protein 27 (Hsp27) is a chaperone implicated in several pathological processes, and Hsp27 expression becomes highly upregulated and is also related to higher resistibility to gemcitabine in patients with pancreatic cancer [34, 35] . A modified ASO that is complementary to Hsp27 (OGX-427) has been developed, showing inhibition of tumor progression and enhancement of gemcitabine's efficacy in pancreatic cancer [36] . Thereafter, a phase II trial of OGX-427 plus gemcitabine and nab-paclitaxel in patients with metastatic pancreatic cancer was carried out and revealed that the addition of OGX-427 to chemotherapy had no improved effect in the first-line setting [37] . Thus, clinical trials of the ASO strategy, as a new therapy combined with conventional drugs for advanced states of pancreatic cancer, have not shown significant additional value for these patients, going against our expectations.
RNA interference
RNAi relies on sequence complementarity between RNAs and the target mRNAs to inhibit their activity. In particular, chemically synthesized siRNAs are mainly used as a new class of therapeutic agents. The siRNA-based therapeutic strategy enables the selective silencing of targeted gene expression. Compared to conventional anti-cancer drugs, siRNA has marked advantages, such as higher safety, higher potency, higher specificity and unrestricted choice of drug targets [38] . As a potent modality of silencing specific the expression of genes that contribute to tumorigenesis and poor prognosis in cancer [39] , RNAi-mediated therapeutic intervention can be directed against pancreatic cancer through various pathways [40] .
It was previously shown that protein kinase N3 (PKN3), a molecule distantly related to protein kinase C, was regulated by the phosphoinositide-3-kinase (PI3K) signal transduction pathway [41] . A preclinical study on Atu027, a liposomal siRNA molecule specifically impeding PKN3 expression in an orthotopic mouse model, underlies the further development of Atu027 as a novel siRNA formulation to block the progression of multiple solid cancers, including pancreatic cancer [42] . A first-in-human phase I trial of Atu027 confirmed its safety in 4 patients with advanced pancreatic cancer [43] .
Subsequently, a clinical trial of Atu027 plus gemcitabine in unresectable pancreatic cancer (NCT01808638) was planned in the NIH records, but there has been no report regarding the study yet.
Oncogenic KRAS mutation, an early event in the development of pancreatic cancer, is involved in over 90% of pancreatic cancer cases [44, 45] . In addition, pancreatic cancer cell growth is dependent on mutated KRAS activity [46] . Accordingly, silencing KRAS is indicative of the inhibition of pancreatic cancer proliferation [47] . On the basis of the above results, Zorde Khvalevsky et al. engineered the anti-KRAS G12D siRNA (siG12D LODER™) and demonstrated that LODER-derived siG12D significantly suppressed pancreatic cancer growth both in vitro and in vivo and impeded orthotopic pancreatic tumor growth [48] , although all of the past studies with direct KRAS modifications for pancreatic cancer failed [49] . As siG12D LODER™ was designed to be directly implanted into pancreatic cancer under endoscopic ultrasonography (EUS) guidance, this strategy could resolve both the delivery problems associated with RNAi and the impermeable nature of the tumor microenvironment [50, 51] . In addition, Golan and colleagues performed an open-label phase I/IIa clinical trial and revealed that the combination of siG12D LODER™ and gemcitabine was well tolerated and safe and had potential value in 15 patients with locally advanced pancreatic cancer, as the median OS was 15.1 months and the 18-month survival was 38.5% [52] . Subsequently, the biocompatibility regarding the safety and toxicity of siG12D LODER as a local and prolonged delivery system for pancreatic cancer therapy was assessed comprehensively in rats after subcutaneous administration [53] . in multiple mouse models of pancreatic cancer and significantly improved their OS dependent on CD47-regulated exosome protection from phagocytosis by monocytes and macrophages [54] . In addition, the same group reported on the bioreactor-based largescale production of clinical-grade exosomes derived from bone marrow mesenchymal stem/stromal cells with good manufacturing practice (GMP) grade for promoting the clinical application of iExosome-based therapy [55] . Currently, a phase I study of mesenchymal stromal cell-derived iExosomes for metastatic pancreatic cancer patients harboring the KrasG12D mutation has been planned (NCT03608631).
Recently, complex cancer cell-tumor stroma interactions have been focusing on their crucial roles in tumor initiation, progression, and metastasis [56] . Indeed, medicines targeting the tumor microenvironment, which mediates the therapeutic resistance of pancreatic cancer, have been progressing [57] . It was reported that glycosaminoglycan, a cancer stromal molecule, is involved in various cancer developmental phases, such as proliferation, invasion, metastasis and angiogenesis [4, [58] [59] [60] . Specifically, it was found that chondroitin sulfate-E (CS-E), a matrix glycosaminoglycan, was expressed in both the tumor cells and stromal cells surrounding the tumor in pancreatic cancer patient tissues [59, 61] .
In accord with the above evidence, we previously demonstrated that high CHST15 expression, which is responsible for the biosynthesis of sulfated CS-E, may represent a potential predictive marker of OS in patients with pancreatic cancer following surgical resection [62] and that STNM01, a CHST15 siRNA, successfully inhibited pancreatic tumor growth in xenograft experiments by using the RNAi strategy, as shown in Figure 2 In short, an RNAi-based strategy for patients with pancreatic cancer is theoretically a prospective therapeutic option; therefore, further studies are anticipated to be translated to the clinic.
MicroRNA
The recent wide-ranging progression of miRNA-based diagnostic and therapeutic approaches for cancer patients is encouraging and has been widely reported, including in pancreatic cancer . Intriguingly, the clinical applications have advanced mainly in [86] . In particular, it was reported that circulating microRNA-25 (miR-25) has a high specificity for pancreatic cancer and can be used as a potential biomarker for the early detection of pancreatic cancer based on the comparative data of miR-25 with CEA and CA19-9, which are widely accepted, conventional tumor markers of pancreatic cancer [87, 88] . Based on previous studies, a clinical trial of miR-25 for pancreatic cancer by using a detection kit has been planned in China. If the efficacy of miR-25 as a diagnostic biomarker of pancreatic cancer will be certainly proven in the trial, the clinical meaning for early detection would be extremely large. The biological properties of miRNAs that enable them to target multiple genes and act as fine tuners of their expression in vivo account for the simultaneous regulation of the related diseasespecific genes in their network. Accordingly, clinical trials of miRNA for pancreatic cancer will probably continue to grow in number, especially in the field of diagnosis.
Aptamers
Aptamers are single-stranded oligonucleotide ligands that demonstrate high affinity toward target proteins and inhibit their physiological effect by forming complexes with proteins based on their unique three-dimensional folding in the later phase of disease progression [89, 90] . Systematic Evolution of Ligands by Exponential Enrichment (SELEX) is an experimental procedure that enables researchers to choose the optimum aptamer from a vast RNA pool for binding with target proteins [91] . Indeed, it has been reported that aptamers can act as players of various roles, such as oncosuppressors, biomarkers, cargo and detectors, for pancreatic cancer, as shown in Table 2 .
Kim and colleagues generated a 2'-fluoropyrimidine-modified RNA aptamer (P12FR2) that binds specifically to human pancreatic adenocarcinoma upregulated factor (PAUF) and showed the oncosuppressive role of P12FR2 both in vitro and in vivo, suggesting that P12FR2 is a potential therapeutic target of human pancreatic cancer [92] . Based on their previous work, PAUF is a novel secretory protein involved in pancreatic cancer progression [93] .
Ray et al. devised an aptamer strategy to identify RNA ligands that could detect structural differences between the secretomes of pancreatic cancer cells and noncancerous cells [94] . Within their identification strategy, an aptamer (M9-5) that preferentially bound the pancreatic cancer secretome over the noncancerous secretome and targeted cyclophilin B (CypB) was confirmed. The M9-5 binding analysis indicated excellent potential as a serum biomarker to distinguish between pancreatic cancer patients and healthy volunteers by using the M9-5 aptamer [94] . In addition, the authors characterized the aptamer and the target protein, CypB. Their posttranslational modifications on CypB could discriminate CypB expressed in human cells versus bacteria, and their findings accelerate the use of aptamers as important biomarkers [95] .
Further, the same group reported a different targeted aptamer. Based on the evidence that most pancreatic cancers overexpress epidermal growth factor receptor (EGFR), a transmembrane receptor tyrosine kinase [96] , they generated a nuclease-resistant RNA aptamer and found that the aptamer was internalized by EGFR on human pancreatic cancer cells by efficiently delivering gemcitabine-containing polymers into EGFRexpressing cells, resulting in the inhibition of the proliferation of pancreatic cancer cells in vitro [97] . Their work supported the value of the aptamer strategy in that the targeted delivery of active metabolites into cancer cells could effectively overcome chemoresistance and minimize toxic effects by decreasing uptake into normal cells.
Several studies have used SELEX aptamers for pancreatic cancer. Zhang et al. identified the usability of a SELEX aptamer (BC-15) as a detector of circulating tumor cells in the peripheral blood of patients with pancreatic cancer [98] . A different group focused on DNA aptamers and showed potential efficacy for pancreatic cancer. They successfully generated eight aptamers with high affinity for pancreatic ductal adenocarcinoma by using cell-SELEX targeting a human pancreatic ductal adenocarcinoma cell line, PL45 [99] . They further developed a truncated DNA aptamer, termed XQ-2d, and proved its high affinity and specificity against the PL45 pancreatic cancer cell line, with a detection ratio of 82.5% [100] . Their work might be a meaningful step in the development of probes as molecular imaging tools for the early detection of pancreatic with pancreatic cancer-specific 2'-fluropyrimidine RNA aptamers P19 and P1, which were selected by SELEX, resulting in tumor-suppressive effects [102] . Subsequently, their group made further improvements in chemotherapeutic efficacy for pancreatic cancer by forming hybridized aptamer-drug conjugates that involved pancreatic cancerspecific RNA aptamer P19, conducive to higher selectivity of drug delivery with a less toxic effect [103] . Impressively, they proposed a different therapeutic conjugation of pancreatic cancer-specific 2'-fluoropyrimidine RNA-aptamers and C/EBPα-small activating RNA, which accounted for the inhibition of pancreatic cancer growth [104] .
Their works suggest that diverse aptamer strategies can be applied for the treatment of with minimal side effects by using dual SELEX selection from a pool of multiple DNA aptamers [107] . A Korean group also assessed the potential of pancreatic cancer stem cell-associated aptamers as a diagnostic marker and therapeutic option with a modified SELEX method [108] . The most recent study showed the therapeutic effects on pancreatic cancer cells in vitro and in vivo by constructing an aptamer-based gemcitabine delivery system, APTA-12 [109] . Altogether, the aptamer strategies have shown promising advances as diagnostic or therapeutic options for pancreatic cancer, mainly in the field of targeted drug delivery to cancerous lesions based on the benefits of the SELEX procedure; thus, it seems that a clinical trial of aptamer oligonucleotides for patients with pancreatic cancer should be planned in the near future.
Decoys
A decoy, which forms a double-stranded DNA structure, inhibits DNA transcription at the initial phase of disease progression. Compared with the research of other oligonucleotides, it seems that the research progress on decoys for pancreatic cancer has Cogoi et al. focused on myc-associated zinc-finger (MAZ), which is a G4-DNA structure that binds to nuclear proteins to promote the activation of Kras transcription. It is well known that the Kras mutation is a primary trigger in >90% of cases of pancreatic cancer progression [110] [111] [112] and contains a nuclear-hypersensitive element (NHE).
Therefore, the authors designed oligonucleotides that mimicked one of the Gquadruplexes formed by NHE (G4-decoys) and found that the decoy strategy inhibits
Kras in pancreatic cancer cells and reduces tumor growth in human pancreatic cancer xenograft mice [113] . Moreover, the authors subsequently reported a lipid-modified strategy based on the use of palmitoyl-oleyl-phosphatidylcholine liposomes, which improved the delivery of the G4-decoy by coupling to the liposomes efficiently, resulting in decreased Kras transcription levels and metabolic activity of pancreatic cancer cells [114] .
Based on a previous study in which high-mobility group AT-hook 1 (HMGA1) promotes chemoresistance to gemcitabine through an Akt-dependent mechanism in human pancreatic cancer cells [115] , Hassan et al. introduced a new strategy of delivering decoy HMGA1-hyperbinding sites into the nucleus of pancreatic cancer cells using an engineered adenovirus, leading to the sequestration of excess amounts of nuclear HMGA1 with the decoy hyperbinding sites and resulting in the reduction of oncogenic pancreatic cells and the HMGA1-associated gemcitabine resistance [116] . Taken together, the decoy strategies are expected to be translated into various clinical applications as a new cancer treatment to specifically target any overexpressed oncogenic transcription factor that binds double-stranded DNA.
Given the small number of preclinical studies with decoy oligonucleotides for pancreatic cancer, there is still ample room for further development of clinical applications.
Conclusions
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